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SubJect: Use of an electronic canputer to obtain flaw nets for 
a channel. with 90' into-the-flow offsets 

- m S E  

This study ras made to develop a ccmputer progrem for eva3.uating 
an exact mathematicel expressim for flow In a channel with various 
90° into-the-flow offsets. The p r m  would be used to ccmpute 
the pressure coefficient, the vertical a d  harizontsL .cco~pone~~ts 
of the relative velocity, and the resultant relative velocity at 
my point in the channel. 

cmCUrs1ms 

1. An electronic computer can be used effec 
e scG mathemtticel relati0llshZ.p for flow in 
into-the-flaw offsets. The graphicel repres 
lrsflon  yield^ the aenf.rd flow net. 

2. The cuuputer program can be used to obtain Jche pressure coef- 
ficient, the ver t ica l  and horlzorital ccmponents ofthe relative 
velocity, and the resultant relative velocity at a l l  points in 
the flow. - 
3. The flow net canbe used to determine the prnper placement of. 
measuring stations thet are essentially unaffected by the offsets 
a& to qualitatively obtsin the distribution of presaure and 
velocity a r d  the offset. 
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successfully t o  obtain the distribution of pressure on s t d i n e d  
stmts, as well as predicting the discbarge coefficient for flows 
over weirs or under gates. Flow nets have d s o  been used t o  deter- 
mine the distance that a messuring point must be placed ups- 
f r a m  a pie- or other flow disturbing element t o  field results that 
are essentially free ;Ran the effects o f t h  distmbing elements. 

The determination of a flow net is generally accarrplished by means 
of mathematical evdluations of the ccsnplex potential of flm, 
graphical sod relaxation techniques, elecJPcal analogs, nwnerica 
integrations, or by Monte Carlo methods.' k t  mathemetical 
solutions can be derived for certain simple configurations, but 
the exact solution is generallf too cCmprex t o  evaJ.uate i n  a rea- 
sonable length of time by m s n u a l  methd.6. Due t o  the laborious 
procedures that are generallf reo_uired t o  o w n  fLaw nets, the 
nets are frequently zct fully utilized in  the dynamic analysis 
of f luid problem. However,  the laborims ana time- cons^ 
part of these methods can be eliminated through the -me of elec- 
tronic ccmputers. A coo~puter can obtain flow nets using aay of 
the previously mentioned methods r c t t h  the exception of tine graph- 
i ca l  method and the electrical analog. ,, 

- 
An example of the successflay applf-cation of electronic canputers 
t o  evaluate the math&-ticel w s s s i o n  for a flar net is faurd 
i n  a recent study concerning cavieation. This research stcdy was 
conducted by the Qdzaulics B n r - k ,  Bureau of Reclauation, a d  
consist& of raising vasiWcs &?set shapes i n k  the f l o w  through 
a rectangWsr conduit. The it-ps'6re.m pl.essure sod the velocity 
required t o  cause cavitation t o  %nn st the offset were observed 
a d  recorded. .. ;, :? 

I *  ; 1'; :: < -  : . . 
The piez-ter t& us&-to determine the upstream pressin-= yas 
by necessity located only a short distance upstream -em tlie 
t e s t  section. It was not hewn if this tap was far enough upstream 
t o  be essentially free f rcm the effect of the various offsets. ., 

Therefore, a flow net solution was obtained for the case., of a 90' 
offset. The 90' s h a p  was sel&ted because it' prcduces t.he most 
yronounced effect on the upst- measuring station., The flbv net 
obtained i d c a t e d  the magnitude of error that  could be expected 
i n  the measurement with various ratios of offset,heights t o  pas- 
sage heights. A good correlation with tine flw. net salution was 
then obtained through an experimental verification. !Llv-wri- 
mental sad analytical studies ideated that a Bar net could. be 
used t o  estlmate pressures and velocities i n  the vicinity or? :the 
offset. 

u~ouse, H., "&ineering ~ u l i c s ,  " John Wiley and Sons, Inc . , 
Hew 'Cork, pp 15-22, 1950 

g ~ ~ d o k m ,  3- S., Hsu, E. Yih, C., "Application of the Relaxation 
Technique i n  Fluid bchanics," Transactions m, Volume 120, 
pp 6504% 1955 
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This report; i s  a presentation of the above example ard 'includes 
the general msthemat2cdl expression, the c@er pmgrsm, sdu- ,, 
tions for two dist inct  offset ratios, and the experimental veri- 

9 

flcation. 

\ \ 

The imrestQation consisted of two parts. The first r % ; L t  witin 
the theoretical case of flaw ulth an ideal fluid and il'cluaed 
considerations concerning the derivation of the generdL m a t ~ t i c a l  
expression, methods used t o  canpute the pressure coefficient. and 
the relative velocity at sqvpolnt, a ccarputer prcgram t o  evaluate 
the mathe rtical expression, ad emaples of f low nets i s  two 
discrete offset ratios. The second prt canpared tbe theoretical 
results with those obtained experimentally, using pressure coe5'- 
flcients as the basis for  ccmparison. 

. . ,, .. . 

General &thematical ~ r e s s i o n ' ~  - 
With sn I d 4  fluid, the flow i s  ass- t o  be incGqmessibie and 

leavtng that plane. 

is the VELOCITY RnmTDL, ana 
curves of cp(x,yJ - c are 
lQXEQERCIAL KlXZS. The function 
q ~ ( x , ~ )  i s  c u e d  the " v e l ~ i t y  
potential" because of the relations: 



F(z) = Thy) + P(XYY) is the C- FUE3EI& OF mXlc7 
in the z plane (real plane). 

:< '1 *. 
A FLO'r7 ME!2 is the graphicel representation of the ccnnpl& 
potential of flow. 

The subscript o refers to points in the zone of uniform flow; 
no subscript denotes points in the region of altered flow. 

A detailed derivauon of the general expression for the caplex 
potential of flow past a 90° offset br. found in most stamlard 
books on Theoretical Hydrcdynamics. dg Therefore, only the most 
importtmt parts of the derivation are include& in this report. 

The derivation is based on the Schwaxz-Chrfstoffel 'Pransfomation 
which can be used to trsIlsfonn a source at the origin of a real 
plane into flow past an offset in a ccnnplex plane. The fallaring 
sketch FUustrates the transfomtion in which the x-axis in the 
real plane is transformed into a four-sided polygon in the imaginary 
or canplex plane. 

,<-.. ; .  -. 
c 

Real (t plane) 

' J 

d~hurchill, "c'cnnplex variablcs and Applications,"  raw Hill, 
2nd m i o n ,  1960 

t g ~ ,  L. M., Thaapson, "Theoretic+ Hya2.odynamics," MacHtLlan 
COQELUY, NW Ymky 1950 
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Through t ae  use of the t ransfomtion and bovfng the cDlnpLex 
potential af flow for a source, the following two equetions are 
derived: 

These equations give the implicit relations hi^ between the complex 
potential of flow psst an offset and c d i 1 8 t e s  i n  the w-plcrne. 
Tn other words, given values for / ard 9 / ~ , ,  a value of S 

can be canputed, where s is a ccarplex nuaber. The value of s 
when substituted into Equation (1) gives the values of U ;ud V 
that correspond t o  the assumed values of cp/o, slla q/v0. These 
are essent-y the steps perf& by the-canputer i n  evaluating 
Elpations (1) ard (2). 

Three %xportant observstionr coucerning the flow, which ar ise  
through the detailed derivations, are: (1) at ws the velocity 
hecarnee infinitely large positively, (2) at w, the velocity is 
zero making w, a stagnation point, and (3) the totril pressure 
on the vertical face of the  offset i s  infinitely large negr*tively. 
(mservations (1) and (3) clearly indicate tha t  the flow net cam? 
,be used t o  obtain meaningful results on the offset face wr in the 
imnediate vicinity of %he offset corner because real fluids are 
not physically capable of prducing these results. However, at 
all other points i n  the flow net, conditions are canpstible w i t h  
possibilities that might occur with the flow of rea l  fluids. 

M a t i v e  Velocitv and Fressure Coefficient 

Two methods are given t o  canpute the relative velocity and. the 
pressure coefficient. 5 Flrst m-&.hod is approximEcte and usually 
is used when the flow net is knawi'bd the mathemtical solution 
is  unknown. The second method is  exact, but restricted t o  flow 
past a go0 offset. Howwer, similar expressions can be derived 
for  other cases in which the mathematical q r e s s i o n  is  known. 



Approximate Xethd- Let As be the incremental distance betveen 
equipotential lines, a d  

An be the incremental distuu?e between 
stxeamiines. 

Therefore, since tlle velocity is 8 Amction of q (fran the 
definLtion of t e rn)  : 

. 
, . , , 

va ,, ., 

~ = E z G J ; ; = ~ ~  ,, 

n 
ia~rements of acp ana A$ .~ (maklw &= nm net ?&= In additioi~letting the point "all represent a point 

in the zone -of altered flow,'ind- the point- "b',' represent a refer- 
ence point in the zone of &korni flm, yields: 

'1, ',.. 
5.; 

v. .., 

The messwe coefficient can be obtained by &tiw Bernoullils 
equation b e h e n  two points af!,ecruaS. elevation and s s s W w  no 
loss of en- between the two p&ts. This yields: , 



Thus, Esuatiolls (3) a d  (4) give the approximste values of veloc- 
i t y  srd pressure coefPicient at aqy point with reference t o  a 
flxed point. The incxnental units nre taken frm rceasurements 
on a flow net. A knowledge of the m~thematical relati- of 
Equations (1) and (2) :-s not needed t o  solve for Equatiom (j) 
and (4). 

-, ,L ., . 
2: , . i: . !' .. = 

This e;iuation yields the vertical and h k z n n t a l  ~anpo&& of the 
velocity at any point vi th respect t o  the velocity at the.xef&- ~/,...'< 
.ence point, a result which .can only be crraaely approximatea 'in the . ./ 

:,. 
.$revious . . rnethcd. 
,,, 

) .' 
.;! The resultant relative &Locity 'aeterminea 

fran the follawing equation: 

,. : 

V 
'-I 

"0 
p ,. 

0 

where the -absolute value s the squspe root 
of the sm.o f  the squares of't5e' real and imaginary p&s 2s 
Wen.  

-. 
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An examination of Equations ( 5 ) ,  (61, a d  (7) r e d s  that the 
reference point is defined mathematicslly as a paint i n  the region 
of uniform flow- For the appraxims.te method, the reference point 
i s  selected frm 8 flow net i n  a region where the flow is essen- 
t i d y  unifm. Although this point can usually be selected t o  
give any d e s i ~ d  degree of accuracy, the fact that a reference 
point mustbtt chosen mabes the apcndmate method undesirable for  
pmgradng xith an electronic canrputer. 

A6 mentioned previously, the basic computer program consists of 
csmputing U and V coolrliuates fran given values of cp/Vo and . The relationship between these quantities i s  given i n  
Equations (1) and ( 2 ) .  An extension of the program all- the 
ccmputation of the vertical a d  horizontal components of the 
relative velocity, the resultant-.;-elstim velocity, and the pres- 
sure coefficient a t  the point far  the a*;s-rmed W a e s  of q/v0 
and v . These relations yield informetion concerning the 
nature of the flow in  the vicinity of the offset and also permit 
a conprison of the theoreticd flov net with exprimental data. 

Both positive and negative values are obtained when taking tbe 
squere root of Equation (2). If both of these values were sub- 
s t i tu t& iaeo Equation (1)) the result wcmld be the flow net for 
a rec- plate lacated i n  the center of the conki t .  The 
coolpuoolpu~r prcgram eliminates this  problem by using only the posi- 
t ive root. 

The program, which was written using FOKrmATJ, results i n  two 
final parts  .g These parts are embodled i n  an Object Deck, which 
contains the necessary c d s  t o  t e l l  the computer w h a t  t o  do, 
and a Data Deck, which corrt ns the offset ra t io  and discrete 
W u e s  of / and V .  The ObJect Deck is applIcab1e t o  
any offset ra t io  or any mxher of v and B/V, ccolbinations. 

I 
d ~ e e  Appendix, FOFtJXAIi 

g ~ e e  Appendix, Msthemai3cal Steps for Flow Net C tation, 

i  lock ~iagrsms, FOKPRAN Cding Form (kuxce Prcgrsm 'T'l 



!The Data Deck contains dl the variations for &ous problems and 
must have the follouing format: - 

Enter the offset ratio, h, i n  a 1 4 a i g i t  flcating point 
fleld 

Enter the number of d a t a  points, n (rp/V, and 9 /v, 
canbinations) in e 5-digit ffj:ed point Z4.d 

. . .- 

Enter the d&ta points, cp/V0 first atxl $/V, second, 
each in-a 14-t floatiag point f iela.  

The Data Deck can be made , f i a t  two parts, one p& con 
only the offset ratio, the ot~her part,.containing the number of,. 
data points an$ the 9/V0 and V/V/ ca@in%tions. In  this &- 
ner the ssme data points can be wed witg'many different offset 
ratios. Ooly the new offset r a t i o  would tken need t o  be'~pun~:he+>, , 

for different individual solutions. !be first of the Data , . 

Deck i s  inserbed into the machine as ind ica td  i n  the:'Appendlx . . 
under M)REUE. As soon as the ccmpufer has read the offset ra t io  
the a d d i t i d  data are red. 

The following restrict+ons and consideratioSapply t o  the selec- 
t ion  of the possible q/vo aDa 9/Vo canbinations for use a i  
dzt.>: ,, 

. - 
- 7 : .  . , 

1. v vaxies between zero anl :'x. Therefore, Z must be 
divided by an i n t q e r  in order t o  'divide the &armel depth . , 

into a whole number pf equal Increments. 
'1 

2. A "srpxe" flow net w i 3 1  result  f r a a  choosing equal incre- 
ments of v and $/V0. 

5. F m  the case of JI/V, = zero, the follouiag obsemtions 
concerning p/V0 can be made: 

(a) If p/V, is less  than in h2, V is equal t o  zero 
values of U will be ccmputed. 

(b) If T/V, is equal t o  in h2, U and V are both 
e@ t o  zero. 

(c) If v is greater than i n  h2, but less than zero, 
U is equal t o  zerc V is greater than zero, but less 
than (1.00 -b) .  -Care mist be taken i n  the selection of 
q / ~ ,  . A s  9/V0 approaches zero, the cenputer must work 
w i t h  very Large numbers, Xn the event the capscity of the 
cauputer is exceeded, erroneous values of V w i Y l  result. 



(d) If q is equal to zero, then U is equal to zero 
and V is equal to (1.~) - h). The pressure coefficients 
and velocity components are infintely lsrge. The c q t e r  
will print q/~, = 0, e/V, = 0, U = 0, V = 0, for this case. 

t e) If v is greater than zero, then V is equal to 
1.00 - h), and values of U can be caanputed. Care must 
also be exercised in choosing values of q/v0 near zero 
for the same reason as given in (3). 

The computer program is written so that every division is tested 
to insure that the divisor is not equal to zero. In addition, 
the program tests to inswe that every logarithm is defined. If 
the divisor is equal to zero or if the logarithm of zero must be 
taken, the computer will print out a coded number. This number 
indicates the specific reason for the print out.Z/ The computer 
xill then select the next two data points and continue the operation. 

EXamole 
Flow wts vere computed for the offset ratios, h = 0.835, ard 
h = 3.917 (Figure 1). These ratios represent a 1/2-inch crfset 
and a 114-inch offset into a 3-inch deep stream, respectively. 
The influence of the various offsets can be seen th rm~& the 
curvature of t3e q/v, = c lines. The greater the curvature, 
the greater the influence. These nets clearly indicate, without 
further ccmputations, that a piezmeter which was one conduit 
depth upstream (q/V, = - n) frcmn either of the two offsets would 
be in a region that is essentially unazfected by the offset. 

. . 
Comwrrison TheoreticEi?. Results Kith Emeriment.%l Results . . , - .. . - 

" , . -. 

In order to establish\whether or not a fZlck-:%& c G d  5; used to. ' 
obtain a quantitative:as well as qutilitati~~esuit, tests were 
conducted in the labo~*tory with f lm pasta'90° offset. , An 
offset ratio of h = 0.833 was chosen for the c&'parisori! of 
theoretical values with those round experimentally. The pressure 
coefficients were used as the basis of comparison (~lgure.2~). 

Tne main sources of discrepancy that might be expected between 
the experimental and theoretical results would be (1) assumptions 
made in the original derivation, (2) assumptions made in caanpu%- 
ing the pressure coefficient, (3) piezmeters not giving theB 
true static pressure for conditions of incipient cavitation.--/ 

Z/~ee Amen* Coded Number Interpretation 

d~aily, J. W., Lin, J. D., Broughton, R. S., "Turbulence and 
Static Pressure in Relation to Inception of Cavitation," IAHR 
9th Ccnvention. "* * * The measured pressures in the min flow 
beyond the boundary layer are lover than at the w a l l .  * * + J " 

1961 



An examination of the msgnitudes of the discrepancies revealed 
that the energy loss due t o  the sudden contraction would result  
i n  the largest discrepancy bg-en the two methds (excluding 
pressure coefficients on the vertical face of the offset a& the 
chamel floor inrmediately dwnstream frm the offset).  Experi- 
ments by Weisbach i d i c a t e  that  the magnitud~ of the losses due 
t o  the contraction i s  approximately 0.045 (v /2g).= Howepr, 
t e s t s  i n  the cavitation study ~ d i c a t e  a value of 0.080 (v /2g) 
(Nipre  2B). The difference between the theoretically detezmined 
pressure coefficient and that obtained through experiment can be 
obtained from the experimental loss coefficient curve ( g i p r e  2 ~ ) .  
The magaltude of th is  difference i s  given by ACp = K/h .a It 
should be noted t h a t  th is  i s  the max3nnnn discrepancy that  is t o  
be expected for pressure coefficients on the channel roof. 

In~nedistely upstream frcm the face of the offset a vortex was 
observed. This vortex indicates that separation of the flow from 
the channel flcor exists upstream fxan the offset. This separa- 
t ioa  a d  its accapmying loss of energy are the main reason for 
the difference between the theoretical curve and the experimental 
curve i n  the region upstream frm the offset (~ig-ure 2 ~ ) .  For 
the ratio, h = 0.833, the magnitude of th i s  loss becomes negli- 
gible upstream froan the offset a t  a distance of 0.3 times the 
conduit depth. 

.. .. 

A spot check of theoretical pressire coeff'i&ents as. campared t o  
the experimentally determined values indicated that quali t i t ive 
results could. be obtained in  the vicinity of the offset. However, 
due t o  the fact thmt separation also occurs at the corner of , the  
offset, ir g o d  correlation is not possible for points on thecon- 
duit floor immediately damstream ~.- fran the offset. 

. 

.: 
, .~ 

dFiouse, H., Ibid, p 414, the 'I* * * data i s  based upon contraction.., 
coefficients given by Weisbach for  free rather thau submerged 
efflux; the resulting values must hence be regarded as rough 
approximations. " 

&see Appendix, Derivation of Pressure Coefficient Discrepancy 
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An electronic ccmputer is a very useful atd high-speed tool, but 
one that i s  capable of performing only relatively simple steps 
and must be told when t o  perform each step. The process of 
separating a problem into the maqy simple steps that t M  cc~nputer 
can perform is called "prograing." 

Several developments are available whlch considerably shorten and 
simplify the programi?tg process. I;1 one of these develgments, - 
called FORTRAN (FO-  slati ion), the canputer assists  i n  
writing the program. With FOKPRAN, the engineer needs on ly to  
express his problem i n  a series of statements or formulas. The 
ccmputer translates these into a lmguage that the ccmputer can 
understand through the use of several seconlarg- progxwns or 
"cmpilers." The engineer's statements consist of arithmetic 
operations, cal ls  for input or output, camnands t o  designate the 
sequence in  which the statements are t o  be performed, and state- 
ments nhich provide information but cause no action. The canbi- 
nation of this series of statements is called the FORTRAN prcgrmn. 
This program and the camp:lers are the only t d s  needed t o  suc- 
cessfully prclgnrm a problem with the FOFQ!RAN system. 

In general, a program is solved along the Pollaring lines. a 
The FORTRAN p r m  is pmched onto a paper tape or cards by 
means of a f l e x m i t e r  or card punching machine. The resulting 
tape or card deck is called the source prcgram tape or cam% 
deck. Before uti l izing the source pmgram, another program 
called the FOKPRAN campiler i s  read into the cconputer. Under 
control o f t h e  FOFZMN canpiler progrm, the ccpnputer reads the 
source prcgram and translates it into machine instructions end 
punches these instructions on casds or tape. The prcgra~n which 
the machine punches is knm as the object program. The object 
pr,rogram w i t h  any necessary data is  then read into  the cauputer 
and the program i s  executed and results are typed out or punched 
on paper tape or cards. In the case of punched output, the tape 
or c&s may be inserted into ep l ipen t  which w i l l  translate the 



These equations were broken &mu into the simpler stepi; 
for p.mb-j with an electronic ccmputer: 

A ccmtplex m b e r  may alsc be written in the form 
a > 

s2 = ~ ( C O S  9 + i sin 01 
Taldng the square root gives, 

s s Jr(cos 0/2 + i s in 9/21 

where 

7 r entan-= 
b + C  

~.. . . -. . 

, . 

Equation (1) may nox be evaluated by 
f o ~ o w b g  manner: 

i 







HSP = H.H 
TEST = E X P I  - u s 0  
HTEST = E X P l  -1.0 
I F  I P S 1 1  21. 17, 2 1  
I F  I T E S T i  21. 18, 1 9  
U = 0.0 
V = 0.0 
VVEL = 0.0 
H V t L  = 0.0 
RVEL = 0.0 
CP = 1.0 
GO 10 4 2  
I F  I H T E S T I  21. 20. 2 1  
U = 0.0 

-- .- .. 
COMPUTATION OF S REdL 
A = E X P l  COSF I P S I I  
8 = E X P l  . S l N F  I P S 1 1  
C = A + HZ0 - 1.0 

AND S 
- HSP 

I FORRAT 1 1 5 )  
3 FORMAT laF14 .61  

104OFORPAT 1 1 1 2 H  P H I  
1 V VVEL hVEL 

1 0 8  FORMAT I 1HI.  5 X t  3H HI. F10.61 
C REhO DATA 

1 0 7  REAO INPUT TAPE 5. 3, H 
WRITE OUTPUT TPPE br  108. P 
READ INPUT TAPE 5. 1. N 
WRITE OUTPUT TAPE 6 ,  LO* 
DO 45 .I = 1. N 
REAO INPUT TAPE 5. 3. PHI.  P S I  

C TEST P H I  AND P S I  
E X P l  = EXPF I P H I l  









These pause numbers are used t o  l e t  the operator lmar the reason 
a certain d u e  cannot be computed a d  t o  allow f lexibil i ty i n  
data insertion. The p u s e  numbers have the follawing h n g s ;  

1 Used i n  SOBRrnINE ANGLE. In the expression 
rho - tan-' y / ~ ,  both x and y are e q d  
t o  zero. For this case the angle vrrs defined 
as equal t o  zero. 

2 used in MAW PROGRAM, data irrput. This 
number indicates that  the first @ of the 
data tape has been read and that the ccm- 
puter is ready for the second part of the 
aata. 

3 This nwnber and those which follow are a l l  -, 
used i n  the C ( X E U B T 1 ~  OF U AND V COOW)=. 
Each pause indicates tha t  a certain &itY 
is  equsl t o  zero. The natural logarithm of 
this quantity is re%- by the p r ~ p ~ m .  
Since these quarrtities are e q d  t o  zero, 
the lcgaritlrms are undefined, and the ccm- 
plex potential of flow cannot be evaluated. 
This pause manber indicates that l .O + s = 0. 

4 Indicates that 1.0 - s = 0 

5 Indicates that  h + s = 0 

6 Indicates that  h - s 0 

*vation of Pr+ssure Coefficient D i s c m y  

For the case of no loss the pressure coefficient is  defined S: 

(see the derivetion i n  the r e p r t )  

With losses, Bern s equation becanes 
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Let "al'be a point davnstresm *an the offset, and "b" represent 
a point upstream from the offset in  the region of unifoxm flow 
Then? 

v: P - P o a p - -  
v2 v2 

P F - P K T  

an3 
P - Po 2 

(cp9 - ~2 = 1 - (1 rKl(5) aotuel 
0 

P ?  

The di:Xmex&e between the W'3 values of the pressure coefficie 
is e q a  t o  the pressure coefficient discrepsncy, ACp. 

Theref ore, 

ACp = (cp) 
notual  

ana 

ACP = K(:)' (9) 

Frcm the equation of continuity, 

Q a V 0 i n V  h 

or 
vo 

V " ' I ;  

Substituting this value of V - into Equation (9) gives the desired 
relationship, 

A C ~  - .(g. - 5 (10) 
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